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We present a detailed analysis of the interaction between two nanocrystals capped with ligands con-
sisting of hydrocarbon chains by united atom molecular dynamics simulations. We analyze large cores
(up to 10 nm in diameter) and ligands with unsaturated carbon bonds (oleic acid) and we investigate
the accuracy of the computed potential of mean force by comparing different force fields. We also
analyze the vortices that determine the bonding, including the case of asymmetric nanocrystals, and
discuss effects related to the intrinsic anisotropy of the core. Overall our results are in agreement with
the predictions of the recently proposed orbifold topological model. Published by AIP Publishing.
https://doi.org/10.1063/1.5039495
I. INTRODUCTION
Nanocrystals (NCs) are nanometer scale crystalline inor-
ganic cores functionalized by capping ligands. While success-
ful assembly of structures with long range order has been
reported for ligands such as DNA1,2 or water soluble poly-
mers,3–5 this paper is focused on hydrocarbon ligands that
have led to a fascinating number of single component6 and
binary7–18 superlattices.
In our previous paper,19 we have presented a detailed
study of the binding mechanism for two NCs to form a
“diatomic” molecule. It was shown that vortices of ligands,
see Fig. 1, play the same role as electronic orbitals in the cova-
lent bonding of atoms or molecules. Precise calculations of
the Potential of Mean Force (PMF) allowed us to quantify the
binding free energy, which is of the order of several hundreds
of kBTs.
There are, however, a number of very important ques-
tions that needed further investigation. Experiments18 show
successful self-assembly in NCs with core sizes of 10 nm or
even bigger, while the largest cores included in previous20–23
work are at most of the order of two nms. This regime of
large cores is also relevant as their shapes are polyhedra rather
than perfect spheres, see Fig. 2, and as the relative size of the
core to the ligand increases, anisotropic effects, those that arise
from the non-sphericity of the core, may come into play. Fur-
thermore, oleic acid, which includes a double bond at C9, is
one of the most common ligands used in experiments,24 but
no studies are available on the role of double bonds on lig-
and conformations. Finally, given the large magnitude of the
binding free energies, the obvious question is how dependent
are the results of the PMF on the particular force field. It is
therefore urgent to settle and understand all these questions.
a)Electronic mail: trvsst@ameslab.gov
Early attempts to describe NC interactions with hard
spheres,24,25 flexible potentials,26,27 or other coarse-grained
models28 were qualitative in nature and could not correctly pre-
dict lattice density, packing fractions, and other observables.29
The Orbifold Topological Model (OTM)29 provided, for the
first time, a rigorous quantitative description of the structural
properties of Binary Nanoparticle Superlattices (BNSLs), as
demonstrated by the successful parameter-free description of
more than 160 experiments.30 The existence of vortices was
one of the key OTM predictions that our simulations has
recently confirmed.19 The investigations we report in this paper
are also motivated at establishing the range of applicability for
the OTM.
The organization of the paper is as follows: First, we
describe the model and notations and then present PMF cal-
culations and vortex configurations for simple hydrocarbons,
large cores, and oleic acid and a comparison of the two force
fields. Then we present a discussion of the results and some
conclusions.
II. RESULTS
A. Model parameters
We consider NCs whose crystalline cores consist of gold
atoms and whose ligands are saturated hydrocarbon chains
or hydrocarbon chains having one degree of unsaturation,
denoted by the formula Aun(SCm−CisxH2m±1)i, where n refers
to the number Au atoms, x refers to the position of the first
carbon in the double bond, and i is the number of grafted
hydrocarbon chains. For clarity, we will eliminate hydro-
gens from our naming convention, instead denoting each
one of the CH, CH2, or CH3 united atoms in our model
as C. We studied 6 core sizes Au140(SCm)62, Au201(SCm)80,
Au1289(SCm)258, Au4032(SCm)432, AuShell2200(SCm)750, and
AuShell3050(SCm)913, considering distinct chain lengths of
0021-9606/2018/149(3)/034109/11/$30.00 149, 034109-1 Published by AIP Publishing.
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FIG. 1. NC parameters: Averaged NCs show the core radius Ri, hydrody-
namic radius rH , interaction distance 2ri, and vortex configuration.
m = 4, 6, 9, 12, 17, and 18 carbons. The shapes of the cores fol-
low truncated octahedral or cuboctahedral geometries, result-
ing in the [111] and [001] families of planes as the exposed
surfaces of the fcc crystalline cores; see Fig. 2.
We determine the sulfur binding sites by projecting a unit
sphere containing a given number of evenly distributed points
on the surface of the core. These binding sites were grouped
into three types: hollow, bridge, and on-top, as described in
the work of Tachibana et al.,31 based on the relative location
of the site to the close packed spheres of Au that comprise
the core surface. The final positions of the bound sulfur atoms
were determined by adding a distance normal to the plane of
the core surface, where the distance is dependent on the type
of binding site.31 The resulting sulfur binding configuration
on each NC core is shown in Fig. 3.
Because the NC core is not spherical, the precise definition
of the diameter requires some assumptions. We define it by
D′i as twice the radius of gyration of the sulfur atoms, with
an additional term of 0.24 Å added due to relative lengths of
the S–C and C–C bonds. We define grafting densities as per
molecule areas of grafting sites. We also measure the effective
diameter on the [001] face, D′[111], and [111] face, D′[001], as
twice the distance from the center of the core to the sulfur atom
closest to the center of the respective face. Grafting densities
on these faces are determined by using the area of the plane
formed by gold atoms rather than the sulfurs. We note that the
face grafting densities do not average to the grafting densities
for the entire particle due to these differences, as shown in
Table I. The grafting densities are taken from the results quoted
in Ref. 18. We also follow Ref. 5, which shows a decrease of
grafting densities with NC size.
We use a united-atom model for the hydrocarbon surfac-
tant chains, with each sulfur and carbon in the chain grouped
with their surrounding bonded hydrogen atoms into one effec-
tive “atom.” Our force field follows Hautman and Klein32 and
Ref. 33 for unsaturated chains; see the supplementary material
for further details.
Following previous studies,19,21,34 we define the parame-
ter λ and τ from
λi =
Li
Ri
τi =
r˜m
Ri
≡ τ(λi, Ri), (1)
where Li is the extended length of the ligand, r˜m is half the NC
separation, and Ri is the core radius. There is an equation of
state τ(λi, Ri), so τ is fixed by λ and R. Common expressions
are the Optimal Packing Model (OPM) formula34
τOPM = (1 + 3λiξi)1/3 (2)
and the Overlap Cone Model (OCM) formula21
τOCM =
1 + λi
2
*.,−1 +
√
1 +
8(1 + 3ξiλi)
(1 + λi)3
+/-, (3)
where ξ i = A0/A is the ratio between the actual molecular area A
(that is, the area of the NC surface divided by the total number
of grafted chains) to the minimum possible A0 ≈ 20 Å2.
B. Configuration characteristics
1. Potential of mean force
We discuss the PMF in dry conditions, i.e., in the absence
of a solvent. This is because in all experiments, the final result
is a system where all the solvent is completely evaporated.
Consideration of solvent effects are relevant to fully under-
stand the dynamics of self-assembly, but should not affect
FIG. 2. NC cores AuShell3050
(SCm−CisX )913 (left), AuShell2200
(SCm−CisX )750 (bottom center), and
Au4032(SCm−CisX )432 (top center)
with Au atoms shown in yellow
and S atoms shown in red. Hydro-
carbon chains are not drawn. The
Au–Au distance is ∼2.8 Å. The
geometry of the cores expose [001]
and [111] planes. HC chains are
attached at the sulfur sites, described
by maximum length Li and having
n = m − 2 defined dihedral angles where
m is the number of carbons in the chain.
Unsaturated chains contain a cis double
bond, located between carbons x and
x + 1.
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FIG. 3. The binding sites are deter-
mined by first projecting a unit sphere
on the surface of the core (top left).
These sites are categorized as hollow,
bridge, or on-top, each having a
certain distance perpendicular to the
exposed plane (right) as described in
the work of Tachibana et al.31 This
approach is used for nanocrystal cores
AuShell3050(SCm)913, AuShell2200
(SCm)750, and Au4032(SCm)432 (bottom
left).
the final equilibrium state. The cases considered are listed
in Table II. Note that this implies a range of λ, see Eq. (1),
over an interval [0.27, 2.66]. The PMF was calculated by the
Weighted Histogram Analysis Method (WHAM) method, as
discussed in our previous paper,19 and we provide a brief
description in Sec. V. Four representative cases are shown
in Fig. 4, see the supplementary material for the remaining
cases, illustrating a competition between van der Waals attrac-
tions and entropically driven chain repulsions. The hydrody-
namic radius rH is the radius of the free (unperturbed) NC,
TABLE I. Core diameters and grafting densities; see the main text for description.
2Ri = D′i σ
′ 2R[001] = D′[001] σ
′ 2R[111] = D′[111] σ
′
(Å) (Å2) (Å) (Å2) (Å) (Å2)
Au4032(SCm)432 51.31 19.15 51.6 17.6 45.4 17.6
AuShell2200(SCm)750 80.42 27.09 81.4 20.0 71.2 27.0
AuShell3050(SCm)913 97.88 32.97 99.0 30.0 86.6 29.9
TABLE II. NC parameters Ri, ξ , L, and λ; see Eq. (1). Hydrodynamic radius rH and minimum of the PMF 2r˜m;
the subscript m is meant to remind that this is the result obtained from the simulation. Also, the same radius is
given in the variable τ.
NC Ri (Å) ξ L λ rH (Å) 2r˜m τH τ˜m
Au201(SC4)80 10.15 1 7.09 0.70 14.5 27.5 1.43 1.35
Au201(SC6)80 10.15 1 9.62 0.95 16.3 28.2 1.61 1.39
Au140(SC17Cis8)62 9.285 1 23.40 2.52 20.8 23.9 2.24 1.29
Au140(SC18Cis9)62 9.285 1 24.66 2.66 21.0 25.2 2.26 1.36
Au201(SC17Cis8)80 10.15 1 23.40 2.31 22.2 28.2 2.19 1.39
Au201(SC18Cis9)80 10.15 1 24.66 2.43 22.6 28.2 2.23 1.39
Au1289(SC17Cis8)258 18.23 1 23.40 1.28 32.7 51.5 1.79 1.41
Au1289(SC18Cis9)258 18.23 1 24.66 1.35 33.2 51.2 1.82 1.40
Au4032(SC9)432 25.65 1 13.42 0.52 34.9 64.5 1.36 1.26
Au4032(SC12)432 25.65 1 17.22 0.67 37.2 64.4 1.45 1.26
Au4032(SC18)432 25.65 1 24.82 0.97 41.1 63.7 1.60 1.24
Au4032(SC18Cis9)432 25.65 1 24.66 0.96 41.0 66.1 1.60 1.29
AuShell2200(SC9)750 40.21 0.741 13.42 0.33 48.2 92.7 1.20 1.15
AuShell2200(SC12)750 40.21 0.741 17.22 0.43 50.5 91.7 1.25 1.14
AuShell2200(SC18)750 40.21 0.741 24.82 0.62 54.2 93.7 1.35 1.17
AuShell2200(SC18Cis9)750 40.21 0.741 24.66 0.61 54.0 95.3 1.34 1.19
AuShell3050(SC9)913 48.94 0.606 13.42 0.27 56.2 110 1.15 1.12
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FIG. 4. Potential of mean force plots
for four representative cases. The min-
imum as predicted by OPM Eq. (2)
and OCM Eq. (3) is also shown. The
adjusted OCM formula is described in
Eq. (6). The kBT is calculated with
temperature T = Tm; see Sec. V.
to which we associate the variable τH = rH /Ri. At distances
ρ ≈ 2rH , there is already a significant attraction between NCs,
driven by the chains stretching toward each other. Binding
free energies are very strong, in the range of several hundreds
of kBT, in some cases larger than 300 kBTs. Note that in all
the cases, the free energy is about a factor of 5 smaller than
the energy, which results from a significant energy entropy
cancellation.
As noted previously,19 stronger bonding occurs for
increasing core radius and increasing hydrocarbon lengths, but
as shown in Fig. 4, keeping the core the same and increasing the
ligand length lead to a much stronger bonding than increas-
ing the core radius and keeping the ligand length constant.
Relatively large isolated NCs (diameter of 5 nm) still remain
spherical, which when interacting, display ligand vortices;29
see Fig. 5. For larger NCs, anisotropic effects resulting from
the polyhedral shape of the core gradually emerge, eventu-
ally affecting the actual vortex structure, as we discuss further
below.
2. Oleic acid
Typical ligand conformations for cores grafted with oleic
and 1-octadecanethiol are displayed in Fig. 6. The unsaturated
C9 introduces significant rigidity, which limits the extension
of the chains. The percentage of trans bonds as a function
of NC separation for the first dihedral, the one closest to the
core, shown in the bottom Fig. 6, reveals an initially more
stretched configuration for the saturated case, as some gauche
conformations are necessary to accommodate the double bond.
Gradually, however, both distributions converge, and at the
minimum of the PMF, the unsaturated chains remain with a
higher trans percentage, showing that the double bond leads
to more rigidity and hampers the motion of the saturated
bonds.
Examples of PMF are shown in Fig. 7, where it is quite
clear that the free energy minima are higher than those in
the saturated case. In Table III, we provide a quantitative
description of the effect of the double bond: It pushes apart
FIG. 5. Average configurations for the Au4032(SC18)432 including average free particle (left), side view of the vortex at pair potential minimum (middle), and
view of the NC at the minimum of the pair potential (right) in the vortex configuration.
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FIG. 6. Au4032(SC18−Cis9)432 NC (top) and Au4032(SC9)432 NC (bottom) at Fmin. The 9th and 10th carbons are colored pink on the Au4032(SC18−Cis9)432
NC, while the CH pseudo-atoms are blue on the Au4032(SC18−Cis9)432 NC. The vortex conformation is influenced by the rigidity of the double bond in the
unsaturated case. This is shown quantitatively in the surface projection, where the effective location of the interaction is further from the center of the particle.
This is explained by the increased rigidity of the chain, which reduces the average percent trans of the 1st dihedral.
the NCs about 2 Å, see also Fig. 6, and decreases the bond
strength by a hefty ≈70 kBT.
3. OPLS force field
In Fig. 8, we compare the force field used so far in
our studies with the Optimized Potential for Liquid Simu-
lations (OPLS).35 There is a perfect agreement for both the
PMF, the energy, and the entropy for the Au1289(SC9)258 and
Au201(SC12)80. For the Au1289(SC19)258 case, the agreement is
excellent for the free energy, while for the energy and entropy
it occurs at sufficiently close separations. The observed differ-
ence in the energy is due to a slight hysteresis that occurs at
sufficient high separations, as reported elsewhere.19 Given the
difference in the structure of both force fields and the different
coefficients of the non-bonded interactions, this close agree-
ment is reassuring in that the quoted bonding free energies
(minimum of the PMF) are very robust.
4. Anisotropic effects
As the NC cores become larger, significant anisotropic
effects become apparent. This is the case of Au4032(SC9)432
NC grafted with nonane, shown in Fig. 9, where the chains
clearly exhibit a non-spherical distribution reflecting the poly-
hedral nature of the core. We therefore compute the PMF for
configurations aligned along the [111] and the [001] faces. For
the largest NC studied, the [111] face almost becomes to a pla-
nar interface and as a result, chains are strongly stretched and
short chains (nonane) do not have room to develop vortices,
as illustrated in Fig. 9.
The PMF is shown in Fig. 10 and demonstrates a small but
significant difference that favors orientations along the [111]
direction. More noticeable is the fact that bonding along the
[111] direction has higher entropy but lower energy than the
one along [001]. This is because the chains have a much lower
number of configurations available in the latter case.
FIG. 7. PMF for the Au4032
(SC18−Cis9)432 and AuShell2200
(SC18−Cis9)750 NCs.
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TABLE III. Quantitative comparison of equilibrium separation (in Å) 2r˜m
and bonding energy (in units of kBT, calculated with temperature is T = Tm;
see Sec. V) chains with and without unsaturation.
NC 2r˜m 2∆r˜m Fmin ∆Fmin
AuShell2200(SC18)750 63.66 310
AuShell2200(SC18Cis9)750 66.14 2.48 242 68
Au4032(SC18)432 93.66 376
Au4032(SC18Cis9)432 95.3 1.64 307 69
If we pick a fixed but otherwise arbitrary sulfur atom and
define its orientation by a vector ~n normalized to one, the ori-
entation of the NC is parameterized by a time series in (θ, φ),
as shown in Fig. 11 for the two NCs involved in the calculation
of the PMF. At sufficiently large separations, both orientations
deviate from each other, while when they get close, around the
minimum, both time series remain highly correlated show-
ing that, within available time, the orientations are essentially
locked and anisotropic effects remain.
C. Asymmetric nanocrystals
There are two parameters relevant for NCs with different
radii rA, rB, where, by definition, rB < rA. Here rA, rB are the
equivalent HS radius, which are given by the OPM formula
Eq. (2). The fact that the OPM formula described the HS radius
is discussed extensively in Ref. 29. The parameter
FIG. 8. PMF for the Au1289(SC9)258
(top left), Au201(SC12)80 (top right),
and Au1289(SC19)258 (bottom) NCs
using both the OPLS force field and
Ref. 32.
FIG. 9. Average configurations of the
Au4032(SC9)432 NC with the [111] faces
aligned (top) and with the [001] faces
aligned (bottom). A vortex is present in
the [001] case. Along the [111] direc-
tion, the face is almost planar and there
is no room for the chains to splay into
vortices.
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FIG. 10. Potential of mean force plots
showing the effects of core orientation
on the Au4032(SC9)432. The top left
shows the PMF for the cores aligned
on the [111] faces and the minimum
as predicted by OPM Eq. (2) using the
effective [111] diameter, D′[111]. The top
right shows the PMF for cores aligned
on the [001] faces with OCM Eq. (3) and
OPM Eq. (2) shown. The bottom plots
them together showing that the OPM
result on the [111] face alignment has a
smaller separation distance and a deeper
well than [001] aligned faces.
γ =
rB
rA
< 1 (4)
is used in mapping BNSLs to hard sphere parameters.26,27,29,30
The softness asymmetry27 is defined as
SAB =
LB
LA
. (5)
A summary of all the cases considered is given in Table IV
showing that our study explores γ values 0.524 and 0.638 and
SAB values between [0.658, 2.13].
FIG. 11. Plots of the θ and φ angles, see definition in Fig. 2, as a function of time. The results are at 64 Å, which is approximately Fmin; the orientations of the
NCs are strongly correlated, so their orientations ([001] or [111]) relative to each other are not changing over the course of the simulation.
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TABLE IV. Parameters describing the asymmetric cases analyzed in this study. The parameters are γ, Eq. (4),
and softness asymmetry Eq. (5). The distance at the minimum of the PMF is ˜dm.
Asymmetric pair γ SAB ˜dm (Å) r˜B,m (Å) r˜A,m (Å) ˜dmr˜A+r˜B
AuShell2200(SC18)750–Au4032(SC9)432 0.638 0.658 78.8 46.8 32.25 1.004
AuShell2200(SC18Cis9)750–Au4032(SC9)432 0.638 0.673 79.1 47.65 32.25 0.990
AuShell3050(SC9)913–Au4032(SC18)432 0.524 2.13 87.2 31.8 55.0 1.005
AuShell3050(SC9)913–Au4032(SC18Cis9)432 0.524 2.10 88.3 33.1 55.0 1.002
FIG. 12. PMFs of asymmetric
pairs AuShell2200(SC18−Cis9)750–
Au4032(SC9)432 and AuShell3050
(SC9)913–Au4032(SC18)432. Calculated
PMFs show good agreement with the
symmetric sum prediction19 regardless
of chain saturation.
Two representative examples of the PMF for asymmet-
ric NCs are provided in Fig. 12, with the remaining cases
shown in the supplementary material. Because there is very
little interdigitation, the location of the interaction plane,
defined such that the average conformation of all chains on
one side of the plane is grafted to the NC on the same side
of the plane, may be defined. This is obtained as the mean
µ of the chain distribution, following Ref. 19. The stan-
dard deviation σ gives an idea of the plane roughness or
curvature.
Overall, similarly as found in Ref. 19, the equilibrium
separation between NC is given by 2rAB = rA + rB, but the
location of the midplane µ is not just given as rA, but rather
is dependent on the softness asymmetry SAB. It is interesting
to note that the mid-formula is also obeyed by NCs with oleic
acid as the capping ligand; see Fig. 12.
III. DISCUSSION
A. General considerations
The location of the minima of the PMF, 2r˜m for sym-
metric NCs, is expected to be described by the OCM for-
mula,21 but as shown in Fig. 13 and pointed in Ref. 19, a clear
breakdown is observed, more noticeable for large curvature
λ > 1. Interestingly, the equilibrium separation is very sensi-
tive to the nanocore radius R, but quite insensitive to the chain
length L. In Ref. 19, we discussed a modified formula. Here, we
propose
τA−OCM ≈ τOPM (n = 4), (6)
where τOPM (n = 4) is the OPM value of τ corresponding to
1-butanethiol ligands. It should be noted, however, that this
formula gives, in some cases, an overestimate of the distance
separation of about 10%.
For asymmetric NCs, the minimum of the PMF dm is well
predicted by the simple formula
dm = r˜A + r˜B, (7)
as clear from Table IV. Note, however, that the location of the
interacting plane is not a function of the radius, but rather, is a
function of the softness asymmetry. We propose a mechanism
that drives the plane location change, shown in Fig. 14, based
on solving for a plane of interaction with equal contributed
area from each NC. This is an indication of the system’s pref-
erence for the symmetric case, supported by the free energy
information in Table V.
FIG. 13. λ, τ plot for the nine symmetric cases considered; see Table II. Also
shown are the OPM Eq. (2) and OCM Eq. (3) predictions. A clear breakdown
of the OCM result is observed for λ > 1. Those points are described by the
A-OCM as described in the text.
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FIG. 14. Proposed mechanism of inter-
action plane motion in asymmetric
cases. The quantity dm is well-predicted
from the result of symmetric pair
interactions, but disparity in softness
between asymmetric pair particles leads
to the movement of the interaction plane
toward the “harder” particle in the pair.
This is due to the system’s preference for
symmetry, and the drive to form equal-
area interaction planes, which necessar-
ily changes the aperture of the interac-
tion cone and the resultant interaction
plane location. Notably, this effect is
present in the case of unsaturated hydro-
carbon chains, but plane movement is
lessened by the increased rigidity of the
chain.
TABLE V. Free energy values at the PMF minimum.∆F = Fmin− 12 (Fmin,A +Fmin,B) is always positive, indicating
that the system prefers like particle interactions over asymmetric ones in the pair case. Results are given in units
of kBT where T = Tm.
Asymmetric pair Fmin Fmin ,A Fmin ,B ∆F
∆F
Fmin
AuShell3050(SC9)913–Au4032(SC18)432 235 172 310 6.0 0.03
AuShell3050(SC9)913–Au4032(SC18Cis9)432 210 172 242 3 0.02
AuShell2200(SC18)750–Au4032(SC9)432 200 376 96.5 36.0 0.18
AuShell2200(SC18Cis9)750–Au4032(SC9)432 194 307 96.5 7.8 0.04
IV. CONCLUSIONS
We have provided a detailed analysis of the PMF and
the effects of the core size and geometry, unsaturation, and
dependence on the force field. We have shown that NCs show
anisotropic effects at sufficiently low values of λ ≈ 0.5; see
Fig. 11. We have quantified the role of ligand unsaturation,
i.e., double bonds, and shown that although do not mod-
ify equilibrium distances by much, about 2 Å, they have a
very significant effect on the bonding energies, about 70 kBT
higher than compared to the saturated case; see Table III.
Comparison with the OPLS force field shows remarkable
agreement, thus providing a very stringent cross-check that
the calculated bond energies are independent of the details
of the force field. Our results show that for sufficiently large
cores and short ligands (small λ values), significant anisotropic
effects, consisting of orientations along certain faces of the
core, become significant. Whether these orientations may
play an important role in determining the structure of some
BNSLs is an important question that will be investigated
elsewhere.
The binding free energies are very strong, of the order
of several hundreds of kBT with a significant energy-entropy
cancellation. The study presented here confirms the predic-
tions of the OTM29,30 as the binding of two NCs is determined
by vortices of ligands. In extending these results to BNSLs,
the OTM predicts that equilibrium distances are dependent
on the coordination on the environment. Therefore, the bind-
ing energy of two NCs within a superlattice will generally be
lower than that for two isolated ones, but still of the order of
several hundred kBT ; see Fig. 4. More coarse-grained mod-
els, such as the ones reported in Ref. 36, will be necessary to
address many of these issues, as united atom models are very
costly.
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We have found, see Fig. 13, that equilibrium separations
are insensitive to the chain ligand length, in clear disagreement
with the OCM prediction.21 We have proposed a new formula,
Eq. (6), which is independent of the ligand length. This formula
gives results within less than 10% of the one obtained from
simulations.
Other sources of error are sub-leading: Core-core disper-
sion forces, dipole moments, finite cut-off, etc. See Ref. 19 for
a detailed analysis. Perhaps more relevant are solvent effects,
which are irrelevant for equilibrium, as BNSLs are completely
dry. Yet, such effects are relevant during the dynamics of self-
assembly. In systems assembled by solvent evaporation, for
example, the PMF is normally repulsive in solvent37 although
weak attractions have been reported,38,39 as it corresponds to
a stable system. This critical balance between NC repulsion
and attraction driven by solvent concentration is necessary for
a complete control of crystal quality during the process of
solvent evaporation. We hope to report more in the near future.
V. MATERIALS AND METHODS
Simulations were carried out in parallel on the Graphic
Processing Units (GPU) resources of the XSEDE Comet clus-
ter at San Diego SuperComputational center (SDCD) and
Quest cluster at Northwestern. Message Passing Interface
(MPI) was handled using mpi4py40 across 8 GPUs. MD simu-
lations were carried out with the HOOMD-blue41,42 MD pack-
age in the canonical ensemble at a temperature Tm = 387 K.
During MD simulations, the Au and S atoms of each nanocrys-
tal were treated as a rigid body by standard HOOMD-blue
commands43 to preserve the sulfur locations at the “pinning
sites” as first discussed by Luedtke and Landman.44
Pair potential simulations adhered to one of the follow-
ing protocols. In the first, two nanoparticles, bonded at their
centers by a harmonic bond, are simulated at an equilibrium
bond distance where the two particles are not able to interact
with one another through the non-bonded interaction cutoff.
Then, the equilibrium bond distance is changed in a step-
wise manner, decreasing gradually in distance to cover the
entire range of the pair potential we wish to calculate. At
each bond distance, the particles are allowed to equilibrate
and a configuration to be used in future MPI jobs is out-
putted. The configurations created during this stepwise process
are then used as initial states for the further calculation of
each window, which is done in parallel. In the second, sin-
gle nanoparticles are “pancaked” using two wall potentials on
opposite sides of the particles. These states are then used to
create the pair states at each bond distance. In parallel, these
states are allowed to relax before calculations are done for each
window.
Simulations in parallel undergo a parallel tempering rou-
tine that allows for configurational exchange between states
of adjacent R in order to optimize exploration of the energy
landscape. Final data are taken periodically from simulations
10 × 106 time steps in length. The PMF is reconstructed by
the WHAM method.45
All the simulations, analysis, etc. are completely repro-
ducible as they are included as part of the HOODLT46
software.
SUPPLEMENTARY MATERIAL
See supplementary material for the description of the
force field and other simulation details and all calculated PMF
plots.
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